INTRODUCTION
============

White adipose tissue (WAT) has a greater capacity to store lipids, primarily in the form of triglycerides (TGs) and sterol esters, than any other mammalian tissue. The expandable nature of WAT allows adipocytes to efficiently store and release free fatty acids (FFAs) in order to match energy supply with demand. WAT mediates the insulin-stimulated postprandial adsorption of FFA and glucose, the precursors for synthesis of TGs, which are subsequently stored in specialized organelles known as lipid droplets (LDs; reviewed in [@B6]; [@B20]; [@B38]). A single central LD (cLD) occupies the main volume of the unilocular adipocyte characteristic of mature WAT.

The intraleaflet space of the endoplasmic reticulum (ER) membrane bilayer is believed to be the primary site of TG synthesis and the source of nascent LDs that bud off the cytoplasmic face of the ER membrane bilayer ([@B38]). LDs are surrounded by a phospholipid monolayer whose lipid composition differs from that of the ER bilayer ([@B36]), suggesting that lipid sorting takes place at the interface of the ER and the LD. The packaging of TG into LDs is coordinated, in a spatiotemporal manner, by ensembles of proteins, which include, but are not limited to, the PAT family members perilipin, adipophilin (ADRP), TIP47, S3-12, and OXPAT/MLDP (reviewed in [@B4]). LD-associated proteins represent a continuously growing family that orchestrates distinct lipid biosynthesis and lipolysis steps and/or are involved in LD budding from the ER membranes ([@B16]; [@B37]; [@B42]), interdroplet lipid exchange ([@B18]; [@B12]; [@B35]), and homotypic fusion ([@B3]).

Recently published studies using in vitro--differentiated 3T3-L1 adipocytes demonstrated that interdroplet lipid exchange at LD-LD contact sites, mediated by a cooperative action of Fsp27 (human CIDEC) and perilipin 1a, is responsible for LD growth and the development of a unilocular phenotype in adipocytes ([@B12]; [@B35]). Although LD-LD fusion in adipocytes does occur, some investigators suggest that this phenomenon is a relatively infrequent event ([@B26]).

The average lifespan of a WAT adipocyte is significantly longer than that of a typical in vitro*--*differentiated adipocyte (years vs. weeks; [@B32]; [@B1]). Furthermore, the former has a unique morphological architecture and a distinct geometric pattern of lipid packing: the cLD of a unilocular adipocyte represents a single sphere tightly fitted inside the cell, whereas LDs of multilocular adipocytes represent multiple spheres dispersed throughout the cytoplasm. The biogenesis of LDs in unilocular adipocytes is poorly understood due to the fragile nature of WAT. In this study, we applied live-cell imaging to describe the morphological and functional organization of TG synthesis in unilocular adipocytes.

RESULTS
=======

To achieve better understanding of intracellular organization of unilocular adipocytes, we infected visceral WAT explants of nonhuman primates with an adenoviral vector encoding enhanced green fluorescent protein (eGFP) and examined living tissue by confocal microscopy. GFP labeled the cytoplasm and nuclei of adipocytes and stromo-vascular cells ([Figure 1, A--F](#F1){ref-type="fig"}, large spherical and fibroblast-like cells, respectively). The cytoplasm of unilocular adipocytes appeared as a series of perforated nodules scattered around the cell surface ([Figure 1, A--D](#F1){ref-type="fig"}). In addition, a thicker cytoplasmic layer surrounded adipocyte nuclei ([Figure 1E](#F1){ref-type="fig"}). Perforated nodules were connected by a thin layer of GFP-positive cytoplasm ([Figure 1, B and C](#F1){ref-type="fig"}). Each nodule harbored fluorescence-negative cavities that appeared as uniformly sized spheres. We hypothesized that these spheres represent preexisting micro-LDs (mLDs) filled with lipids. cLDs of each adipocyte were fluorescence-free ([Figure 1B](#F1){ref-type="fig"}). A schematic diagram representing the spatial organization of a unilocular adipocyte is given in [Figure 1G](#F1){ref-type="fig"}.

![Cytoarchitecture of primary unilocular adipocytes. Visceral WAT explants were infected with an adenoviral vector encoding eGFP as described in *Materials and Methods*. On day 2 after infection, live explants were examined for GFP expression using confocal microscopy. cLD, central LD; Cyt, cytoplasm; LDM, lipid droplet membrane; mLD, micro-LD; N, nucleus; PM, plasma membrane. (A) A field of view shows GFP-positive unilocular adipocytes (spheres) and stromovascular cells (asterisks) residing in WAT. The image represents the sum of confocal slices. Bar, 10 μm. (B) Single confocal section of the image in A. Enlarged areas of adipocytes containing cytoplasmic nodules (C, D) and perinuclear cytoplasm (E) filled with GFP-negative spherical cavities. Bar, 5 μm. (F) Portion of the GFP-infected WAT explant shown at lower magnification. Bar, 50 μm. (G) Schematic representation of the spatial organization of a unilocular adipocyte. The cLD of a unilocular adipocyte represents a single sphere tightly fitted inside the cell, whereas the cytoplasm forms multiple nodules containing various organelles.](4096fig1){#F1}

To elucidate the spatiotemporal dynamics of TG synthesis and packaging in unilocular adipocytes, we labeled WAT explants with the fluorescent FFA analogue BODIPY-C12. Previously, we and others demonstrated that BODIPY-FFA is transported into in vitro--differentiated adipocytes and WAT explants by an insulin-stimulated mechanism ([@B24]; [@B23]; [@B44], [@B45]; [@B40], [@B41], [@B39]; [@B31]) and is esterified to BODIPY-TG in 3T3-L1 adipocytes ([@B35]). Confocal microscopy analysis unveiled a striking, previously unobserved staining pattern that appeared as clusters of bright fluorescent mLDs scattered around the surface of the cLD ([Figure 2, A and D](#F2){ref-type="fig"}, green). Each group of mLDs was surrounded by a distinct ER patch ([Figure 2](#F2){ref-type="fig"}, red, and Supplemental Video S1). Three-dimensional reconstitution of confocal scans revealed "eggs-in-a-nest"-like structures, with mLDs occupying spherical cavities within each ER patch ([Figure 2, B and E](#F2){ref-type="fig"}).

![mLDs are associated with the ER in unilocular adipocytes. Visceral WAT explants were incubated for 2 h with 10 nM insulin, labeled with BODIPY-C12 for 15 min, and chased in BODIPY-free medium for 30 min in the presence of the red fluorescent ER-tracker, as described in *Materials and Methods*. (A) Representative confocal image of a BODIPY/ER-labeled adipocyte. Bar, 10 μm. (B) The enlarged area of the adipocyte shows the groups of mLDs (green) surrounded by ER patches (red) attached to the surface of the cLD. Arrowheads indicate ER fibers connecting distinct ER patches. Bar, 5 μm. (C) Size distribution of mLDs (*n* = 100) in the adipocyte (shown in A). Fluorescence intensities of individual mLDs were plotted against their diameters. Horizontal bars are calculated mean intensities of each group of mLDs. The value of 100% on the *y*-axis represents the intensity of the brightest LD in the image. Similar mLD size distributions were obtained in a WAT adipocytes from a large cohort of animals (*n* = 38). (D) Example of the large field of mLDs surrounded by highly fenestrated ER. Bar, 5 μm. (E) Optical reconstruction of the mLD-ER patch; left, whole cell; middle, single patch; right, three-dimensional rendering. (F) Perilipin 1a is associated with mLDs. Insulin-treated WAT explants were labeled for 15 min with BODIPY-C12, chased in label-free medium for 30 min, and fixed in formaldehyde. WAT explants were subjected to indirect immunofluorescence analysis, as described in *Materials and Methods*, using antibodies to perilipin 1a, followed by secondary red fluorescent antibodies. Images represent confocal projections. Bar, 1 μm.](4096fig2){#F2}

The mLDs were relatively uniform in size, with an average diameter of 0.7 μm ([Figure 2C](#F2){ref-type="fig"}). The number of mLDs in the patch varied in WAT samples obtained from different animals, but the area occupied by LDs naturally correlated with the area of the surrounding ER ([Figure 2, A and B](#F2){ref-type="fig"}, represents adipocytes with smaller ER patches, whereas [Figure 2D](#F2){ref-type="fig"} represents an adipocyte with larger ER patches). When insulin-treated WAT explants were labeled with BODIPY-C12 and then subjected to indirect immunofluorescence analysis, antibodies to perilipin 1a decorated ring-like structures surrounding individual mLDs. In addition to mLD-associated rings, perilipin 1a also appeared as a diffuse coat outlining the surface of the cLD ([Figure 2F](#F2){ref-type="fig"}).

We further examined the ultrastructural organization of mLDs in unilocular adipocytes using electron microscopy. Electron-lucent mLDs ranging up to 1 μm in diameter were frequently observed in adipocyte cytoplasm in the vicinity of or attached to the cLD ([Figure 3A](#F3){ref-type="fig"}). mLDs were surrounded by or associated with mitochondria ([Figure 3, A--C](#F3){ref-type="fig"}). Tubular membranes of the smooth ER decorated with budding vesicles were frequently observed in the areas containing mLDs and mitochondria ([Figure 3, B--D](#F3){ref-type="fig"}, arrowheads). Furthermore, some mLDs were decorated by electron-lucent vesicular material, which may represent the ER or precursors of mLDs ([Figure 3E](#F3){ref-type="fig"}). Of interest, rough ER membranes were not typically associated with mLDs ([Figure 3F](#F3){ref-type="fig"}).

![Electron microscopy of a unilocular adipocyte. A visceral WAT explant was fixed and processed for electron microscopy, as described in *Materials and Methods*. cLD, central LD; mLD, micro-LD; PM, plasma membrane, rER, rough ER; sER, smooth ER; M, mitochondria. (A) Low-magnification image of the cytoplasmic nodule, containing various organelles. mLDs are in close proximity to the cLD. (B, C) mLDs are associated with mitochondria and the sER. Contact sites between mLDs and mitochondria are marked with asterisks. (B--D) Arrowheads indicate vesicles budding off the ER tubules. (E) Example of a mLD adjacent to electron-lucent vesicular material, which may represent the precursors for mLDs and/or the cross sections of the ER tubules. (F) Area of the adipocyte cytoplasm enriched in the rER (decorated with polyribosomes) and the Golgi. Golgi membranes are surrounded by vesicles containing electron-dense cores. Bar, 500 nM.](4096fig3){#F3}

A close association of mLDs with the cLD and the ER suggests that mLDs may represent intermediary compartments mediating the packaging of newly synthesized TG into the cLD. To verify this hypothesis, we followed the time course of intracellular BODIPY-C12 transport by confocal microscopy. Control (basal) or insulin-treated WAT explants were pulsed with BODIPY-C12 for 15 min and then chased in label-free medium for different time periods. Insulin significantly stimulated the uptake of BODIPY-C12 into adipocytes ([Figure 4, A and B](#F4){ref-type="fig"}). Immediately after an insulin pulse, fluorescence appeared in mLDs scattered around the cLD ([Figure 4A](#F4){ref-type="fig"}, Ins 0h). After an insulin chase, mLD-associated fluorescence gradually decreased, whereas cLD-associated fluorescence concomitantly increased ([Figure 4, A and C](#F4){ref-type="fig"}). Live-cell imaging of BODIPY-C12--labeled WAT explants verified that the disappearance of fluorescence from mLDs is concurrent with the appearance of fluorescence in cLDs ([Figure 4D](#F4){ref-type="fig"} and Supplemental Video S2). Imaging BODIPY-C12--labeled WAT explants at higher spatiotemporal resolution revealed that individual mLDs discharge their fluorescent content with a half-time on the order of 50 s ([Figure 4, E](#F4){ref-type="fig"}, circle, [F](#F4){ref-type="fig"}, solid lines, and [G](#F4){ref-type="fig"}, and Supplemental Video S3). Many mLDs remained static over a 10-min imaging interval ([Figure 4, E](#F4){ref-type="fig"}, square, and [F](#F4){ref-type="fig"}, dotted lines), suggesting that the observed disappearance of mLDs has a probabilistic nature. BODIPY-labeled palmitic acid (BODIPY-C16) and BODIPY-C12 showed similar kinetics of transport in unilocular adipocytes (unpublished data). Collectively, these results confirm a unidirectional transport of BODIPY-labeled lipids between mLDs and cLDs.

![Lipid exchange between mLDs and cLDs in unilocular adipocytes. (A--D) Visceral WAT explants were incubated for 2 h under basal conditions or in the presence of 10 nM insulin, labeled with BODIPY-C12 for 15 min, chased in BODIPY-free basal or insulin-containing medium for indicated periods of time, fixed, and examined by confocal microscopy. Bar, 50 μm. (B) Quantification of basal and insulin-stimulated BODIPY-C12 uptake immediately after a 15-min pulse. Error bars represent SEM, *n* = 10. \*\**p* \< 0.01, *t* test. (C) Time course of fluorescence intensities associated with mLDs in insulin-stimulated adipocytes (representative images are shown in A). Error bars represent SEM, *n* = 7--10. \*\**p* \< 0.01, one-way ANOVA followed by *t* test. (D) Time-lapse microscopy of living unilocular adipocytes (Supplemental Video S2). Insulin-stimulated WAT explants were labeled with BODIPY-C12 for 15 min, rinsed in warm medium, and placed on a confocal stage equilibrated to 37°C. Images were recorded in the *xyzt*-mode every 5 min and quantified as described in *Materials and Methods*. Error bars represent SEM, *n* = 10 cells. This experiment was repeated twice with similar results. (E) Dynamics of mLDs. Insulin-stimulated WAT explants were labeled with BODIPY-C12 for 15 min, chased in label-free medium for 30 min, and studied by time-lapse confocal microscopy. Images were recorded in the *xyzt*-mode every 20 s and quantified as described in *Materials and Methods*. Representative snapshot of a BODIPY-C12--labeled adipocyte shows docked mLDs discharging their fluorescent content (circle) or remaining static (square) during a 10-min imaging interval. (F) Two examples of fluorescence traces showing active mLDs (solid lines) and two examples of static mLDs (dashed lines). (G) The average fluorescence trace of active mLDs. Error bars represent SEM, *n* = 10.](4096fig4){#F4}

To verify that BODIPY-C12 is readily metabolized into BODIPY-TG, we pretreated WAT explants with basal or insulin-containing media, pulsed them for 15 min with BODIPY-C12, chased them in label-free media, and analyzed FFA metabolites by thin-layer chromatography (TLC). Under basal "no-chase" conditions, BODIPY-C12 migrated primarily as FFA, with only a minor fraction of total fluorescence incorporated into BODIPY-TG ([Figure 5A](#F5){ref-type="fig"}, lane 1). After a chase in basal medium, the BODIPY-TG/BODIPY-C12 ratio increased, consistent with the slow basal rate of TG synthesis. In addition to apparent BODIPY-TG synthesis, there was a time-dependent accumulation of additional BODIPY-labeled species ([Figure 5A](#F5){ref-type="fig"}, asterisk and bracket). Insulin treatment of WAT explants increased the BODIPY-TG/BODIPY-C12 ratio and stimulated the formation of additional BODIPY-labeled species in comparison with basal conditions ([Figure 5A](#F5){ref-type="fig"}, compare lanes 2 and 1). After an insulin chase, BODIPY-C12 was progressively converted into TG ([Figure 5A](#F5){ref-type="fig"}, compare lanes 2, 4, and 6).

![Metabolism and intracellular transport of BODIPY-C12 in unilocular adipocytes. (A) Visceral WAT explants were incubated for 2 h in basal medium (Bas) or with 10 nM insulin (Ins), pulsed with BODIPY-C12 for 15 min, and chased in BODIPY-free medium for 0 (lanes 1 and 2), 30 (lanes 3 and 4), or 120 (lanes 5 and 6) min. Lipids were extracted and analyzed by TLC, as described in *Materials and Methods*. The experiment was repeated twice using duplicate WAT explants from the same animal and further verified in WAT from a different animal. Asterisk and bracket indicate the position of BODIPY-labeled products formed in the presence of insulin. (B) WAT explants were incubated for 2 h in control insulin-containing medium alone (C) or in the presence of inhibitors (10 μM triacsin C \[TC\] or 30 μM etomoxir \[EX\]), pulsed with BODIPY-C12 for 15 min, and chased in BODIPY-free medium for 120 min with insulin alone or with addition of inhibitors. The experiment was repeated three times with similar results. (C--E) A short time course of BODIPY-C12 metabolism and transport in adipocytes. Two sets of WAT explants were incubated for 2 h in basal medium or with 10 nM insulin, pulsed with BODIPY-C12 for indicated periods of time, and analyzed by TLC (C) or confocal microscopy (D, E). (D) Quantification of mLD-associated fluorescence during a continuous 10-min pulse. Error bars represent SEM, *n* = 20. (E) Representative images showing the progressive accumulation of fluorescence in mLDs (green) in relation to the ER (red) in adipocytes incubated under basal (left) or insulin-stimulated conditions (middle and right). Right, enlargements of the middle. Asterisks, mLDs; arrowheads, BODIPY-positive fluorescent speckles can be seen at earlier incubation times. All images were autoscaled to allow better visualization. Green fluorescence was quantified in D. (F, G) The effect of triacsin C on BODIPY-C12 incorporation in adipocytes. WAT explants were labeled with BODIPY-C12 and chased for 0 or 5 h, as described in [Figure 4A](#F4){ref-type="fig"}, in insulin-containing medium alone or in the presence of10 μM triacsin C. (G) Quantification of intracellular fluorescence. Error bars represent SEM, *n* = 10. \*\**p* \< 0.001, *t* test; A.U., arbitrary units.](4096fig5){#F5}

Pretreatment of WAT explants with triacsin C, an inhibitor of the long-chain Acyl-CoA synthetase (ACSL) enzymes that mediate Acyl-CoA synthesis ([@B21]; [@B17]), attenuated the conversion of BODIPY-C12 into BODIPY-TG and reduced the intensity of the intermediate BODIPY-labeled band ([Figure 5B](#F5){ref-type="fig"}, TC, asterisk). Thus BODIPY-C12 needs to be activated by ACSL before incorporation in TG. Of interest, pretreatment of WAT explants with the inhibitor of FFA β-oxidation etomoxir resulted in a higher level of unincorporated BODIPY-C12 and reduction in the level of additional BODIPY species ([Figure 5B](#F5){ref-type="fig"}, EX, asterisk), suggesting that BODIPY-C12 can be also metabolized via the β-oxidation pathway. Taken together, this and other studies demonstrate that BODIPY-C12 can be used as a quantitative marker for monitoring basal and insulin-dependent neutral lipid biosynthesis in WAT. Similarly to BODIPY-C12, polyene lipids have been used for measuring FFA metabolism in adipocytes ([@B22]; [@B35]).

BODIPY-TG synthesis in WAT explants correlated with the appearance of BODIPY-positive mLDs ([Figures 4A](#F4){ref-type="fig"} and [5A](#F5){ref-type="fig"}), indicating that the transport of BODIPY-C12 into mLDs is coupled to esterification of FFA. To further refine the spatiotemporal kinetics of mLD formation in conjunction with BODIPY-TG biosynthesis, we labeled WAT explants with BODIPY-C12 for shorter periods of time and concurrently followed lipid biosynthesis and intracellular transport by TLC and confocal microscopy, respectively. Under insulin-stimulated conditions, BODIPY-TG was first detected in the cell after a 5-min incubation with BODIPY-C12 ([Figure 5C](#F5){ref-type="fig"}). The kinetics of BODIPY-TG synthesis were similar to that of polyene and radioactive FFA ([@B22]; [@B35]). The appearance of TG on TLC corresponded to a significant accumulation of BODIPY fluorescence in mLDs ([Figure 5, D](#F5){ref-type="fig"}, 5 min, and [E](#F5){ref-type="fig"}). Although BODIPY-TG was undetectable on TLC after 1- and 2-min pulse periods ([Figure 5C](#F5){ref-type="fig"}), confocal microscopy revealed dim fluorescent speckles associated with the ER ([Figure 5E](#F5){ref-type="fig"}, arrowheads). After 5- and 10-min pulses, most BODIPY fluorescence was associated with "eggs-in-a-nest"-like structures ([Figure 5E](#F5){ref-type="fig"}, asterisks). Pretreatment of WAT explants with triacsin C significantly inhibited the incorporation of BODIPY fluorescence into mLDs and cLDs ([Figure 5, F and G](#F5){ref-type="fig"}). Thus, mLD formation is coupled to TG synthesis in unilocular adipocytes.

DISCUSSION
==========

To better understand the spatiotemporal organization of TG synthesis and packaging in unilocular adipocytes, the most abundant cell type in WAT, we previously developed a unique system for culturing and imaging of WAT explants ex vivo. WAT cultures remain viable and respond to insulin ([@B40], [@B41]) and lipolytic stimulation ([@B39]). Previous studies demonstrated that FFA uptake and metabolism in adipocytes can be monitored using fluorescently tagged FFA. For example, polyene FFAs can be metabolized into TG at rates that are similar to those of radiolabeled ([@B22]) and BODIPY-labeled FFAs (this study; [@B11]).

The use of fluorescent FFA BODIPY-C12 allowed us to identify novel cell biological features in unilocular adipocytes. The present study demonstrates for the first time that mLDs are intimately associated with the ER patches decorating the surface of the cLD, whereas a significant part of the cLD surface is devoid of ER ([Figure 2](#F2){ref-type="fig"}), indicating that the ER patches are primary sites of TG synthesis in unilocular adipocytes. Furthermore, we observed that the cytoplasm of a unilocular adipocyte is distributed nonuniformly rather than being principally located surrounding the nucleus as previously believed, and forms a series of nodules scattered around the cLD ([Figure 1](#F1){ref-type="fig"}). Because these nodules are also enriched in the ER and mLDs, it is possible that uptake and consequent esterification of FFAs take place inside these structures.

Earlier electron microscopy studies of isolated unilocular adipocytes identified a series of small, 0.5- to 1-μm-diameter LDs associated with the cytoplasmic side of the cLD and surrounded by ER membranes ([@B8]). Our electron microscopy analysis of WAT suggests that mLDs are surrounded by membranes of the smooth ER and mitochondria ([Figure 3](#F3){ref-type="fig"}). Given that etomoxir attenuates FFA utilization in WAT ([Figure 5B](#F5){ref-type="fig"}), it is possible that the "eggs-in-a-nest" structure represents a metabolically active compartment mediating the coupling of insulin signaling to the TG synthesis and the β-oxidation pathways in unilocular adipocytes. The observed inhibition of TG synthesis by etomoxir was surprising. One possible explanation is that acute inhibition of the β-oxidation pathway downregulates glucose transporter-4 expression in adipocytes ([@B13]). Because glucose is a substrate for the synthesis of the glycerol backbone of TG, reduced glucose flux may contribute to the observed inhibition of TG formation by etomoxir.

Because mLDs are relatively uniform in size and arranged in a symmetric geometric pattern, it is possible that this unique architecture is achieved by means of protein complexes dynamically associated with the ER/LD interface. For example, the CoA:diacylglycerol acyltransferase ([@B22]; [@B47]; [@B25])/fatty acid transport protein-1 ([@B29]; [@B7]; [@B33]) complex can facilitate LD expansion, acting at the interface of the LD and the ER ([@B46]). TG synthesis enzymes can move unidirectionally through bridges connecting the ER and growing LDs ([@B43]). Although the role of the LD-associated ACSL3 ([@B10], [@B9]; [@B27]) in LD biogenesis has been investigated ([@B19]), further studies are needed to verify the exact mechanism of its action in adipocytes. The present finding that mLDs are outlined by perilipin 1a is consistent with previous reports that perilipin resides in the lipid monolayer of LDs ([@B2]; [@B4]) and can shuttle between the ER and LD fractions ([@B30]). It is likely that the perilipin coat is involved in regulating lipolysis (reviewed in [@B5]).

The mLDs can transfer their content to the interior of the cLD ([Figure 4](#F4){ref-type="fig"}), suggesting that they may act as intermediate compartments that mediate lipid packaging for long-term storage. We previously demonstrated that LDs can communicate by exchanging fluorescent lipids at LD contact sites in 3T3-L1 adipocytes ([@B31]). Li and colleagues have shown that lipid exchange is unidirectional, going from a smaller to a larger LD, and requires the LD contact site--associated protein Fsp27 (CIDEC; [@B11]). Fsp27 and its interaction with perilipin are required for LD fusion in 3T3-L1 adipocytes ([@B18]; [@B12]; [@B35]). Because the CIDE-C domain of Fsp27 is necessary and sufficient for the induction of LD growth and the CIDE-N domain of Fsp27 can form a homodimer and increases the efficiency of LD growth ([@B11]), it has been suggested that the homodimerization of Fsp27 or recruitment of perilipin may promote lipid exchange via a putative channel ([@B35]). The rate of lipid exchange between mLDs and cLD observed in the present study is similar to the rate of LD-LD lipid exchange in 3T3-L1 adipocytes ([@B11]; [@B35]), indicating that mLD-cLD communication may involve a similar mechanism. In summary, the present work demonstrates for the first time that TG synthesis in unilocular adipocytes follows a complex spatiotemporal pattern, with mLDs serving as intermediate compartments mediating TG packaging for storage in the large cLD.

MATERIALS AND METHODS
=====================

Animals
-------

WAT samples used in this study were obtained as excess tissue from animals studied under protocols previously approved by the Institutional Animal Care and Use Committee of the Oregon National Primate Research Center. Regular chow diet consisted of the two daily meals of Purina LabDiet fiber-balanced monkey chow (15% calories from fat, 27% from protein, and 59% from carbohydrates; no. 5000; Purina Mills, St. Louis, MO), supplemented with fruits and vegetables. Animals used in the present study were lean, insulin-sensitive adult rhesus macaque males and females. Animals were killed according to procedures recommended by the Panel on Euthanasia of the American Veterinary Association. The night before necropsy, food was withheld. Before necropsy, animals were sedated with ketamine in the home cage, transported to the necropsy suite, treated with pentobarbital (25 mg/kg), and exsanguinated by severance of the descending aorta.

TLC
---

Lipids were extracted and analyzed by TLC as described previously ([@B28]). Briefly, 100 mg of WAT was homogenized in chloroform/methanol (2:1, vol/vol), and lipid extracts corresponding to 5 mg of adipose wet weight were dried under a stream of N~2~ and resuspended in equal volumes of chloroform/methanol (2:1, vol/vol) for loading onto TLC plates. Plates were developed in heptane/isopropyl ether/acetic acid (60/40/3), and fluorescently labeled lipids were visualized.

BODIPY-C12 uptake in WAT explants
---------------------------------

Approximately 5-mm WAT explants were incubated free-floating in plastic 24-well plates filled with 0.4 ml of incubation media. Where indicated, ER-tracker red (BODIPY-Glibenclamide, Life Technologies, Hercules, CA) was added to the media at a 1:1000 dilution. Green fluorescent BODIPY-500/510 C~1~, C~12~ (Life Technologies) was prepared in advance by diluting a 2.5 mM methanol stock solution in incubation medium to a final concentration of 10 μM. A 10 μM BODIPY-C12 solution was incubated for 15 min, protected from light, in a 37°C water bath. For fixed-cell analysis, 100 μl of 10 μM BODIPY-C12 solution was added to each well and mixed by repeated pipetting, and the plates were incubated for an additional 15 min at 37°C. Medium was removed by aspiration, tissue was washed three times with warm incubation medium, and incubation was continued for indicated time periods. WAT explants were fixed at room temperature with fresh 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20--30 min, washed four times with PBS, and stored in PBS at 4°C, protected from light, for up to 48 h before confocal analysis.

Indirect immunofluorescence analysis
------------------------------------

For immunofluorescence analysis, fixed BODIPY-labeled WAT explants were placed in a 24-well plate containing 500 μl of blocking solution (5% fatty acid--free bovine serum albumin \[BSA\], 0.4% Triton X-100 in PBS), and incubated gently at room temperature for 1 h. Polyclonal rabbit antibodies to perilipin 1a (Fitzgerald, Acton, MA) were added at a 1:100 dilution and incubated on a rocker overnight at 4°C. WAT explants were washed four times for 5--10 min in blocking solution without BSA, followed by 1-h incubation with secondary antibodies in blocking solution at a 1:1000 dilution. Samples were washed five times with BSA-free blocking solution, followed by two PBS washes, and analyzed by confocal microscopy immediately.

Live-cell imaging
-----------------

Insulin-treated WAT explants were labeled with BODIPY-C12 for 15 min, transferred into a 35-mm glass-bottom culture dish (MatTek, Ashland, MA) containing 300 μl of medium. Before the experiment, a dish was premounted on a temperature-controlled stage of an inverted Leica SP5 AOBS spectral confocal system (Leica, Wetzlar, Germany) and allowed to equilibrate to 37°C for 30 min. WAT explants were brought to the bottom of the dish with 8 × 8--mm squares of light stainless steel mesh (0.4 mm; TWP, Berkeley, CA) and videorecorded. Confocal microscopy settings were as previously described ([@B40]).

Image processing
----------------

Confocal stacks of images were collected at 1-μm intervals and opened with the *LOCI* plug-in data browser, and sum projections were generated using Fiji. mLDs were segmented from the whole cell by manually adjusting the threshold. Three-dimensional rendering was conducted using Volocity 6.2 (Perkin Elmer, Waltham, MA). The diameters and mean intensities of mLDs were determined using the freehand drawing tool. Because some time-lapse movies displayed a minor *x*-*y* drift, the recursive alignment of stacks of images was performed using the StackReg plug-in. To avoid focal shift (*z*-drift) due to membrane bending or thermal fluctuations, additional series of images were collected below and above the objective focal plane.

Statistical analysis
--------------------

Statistical differences between groups were determined using the *t* test or one-way analysis of variance (ANOVA), using Prism4 (GraphPad, La Jolla, CA).

Electron microscopy
-------------------

Dissected WAT explants were fixed in buffered 1.5% glutaraldehyde/1.5% paraformaldehyde. The tissues were then processed in a Ted Pella (Redding, CA) BioWave microwave processor by washing in 0.1 M sodium cacodylate buffer, pH 7.4, postfixed in reduced osmium tetroxide, stained en bloc with 1% uranyl acetate, dehydrated in graded ethanol solutions, and then embedded in epoxy resin. Then 60- to 90-nm-thick sections were placed onto 200-mesh grids, stained with uranyl acetate and lead citrate, and examined with a Tecnai 12 electron microscope at 80 kV (FEI, Hillsboro, OR). Digital images were acquired using a 16-megapixel Advanced Microscopy Techniques (Woburn, MA) camera.

Adenoviral infection of WAT explants
------------------------------------

Adenoviral vectors conditionally expressing eGFP were constructed using the approach described by [@B14]. Briefly, the plasmid pAdtet7-eGFP contains eGFP under the control of a minimal cytomegalovirus promoter fused to the tetracycline operator and a flanking loxP site ([@B15]). Adenoviral vectors were generated using homologous recombination in Cre recombinase--expressing CRE8 cells by cotransfection of pAdtet7-eGFP plasmid and E1/E3-deleted conditionally packaged adenovirus genomic DNA (Ad5-ψ5). Recombinant adenoviral vectors were expanded and virions were concentrated over a sorbitol cushion and tittered on 293A cells. eGFP expression was induced by coinfection with an adenovirus expressing a Tet-off transactivator (Ad-Trans; [@B34]). Rhesus WAT explants were exposed to a mix of Adt-eGFP and Ad-Trans at doses ranging from 10^7^ to 10^8^ plaque-forming units/well. To enhance transduction, adenoviral vectors were preincubated with 100 μg/ml cholesterol for 10 min before addition to cells. Images were collected on day 2 after infection.
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